Abstract-Queueing of packets in a mobile slotted ALOHA network with Rayleigh fading, shadowing, and UHF groundwave propagation is studied, using a finite Markov chain model. Receiver capture, assisted by all three propagation mechanisms, reduces bistability of the network substantially, compared to wired networks: the stability of mobile networks is less sensitive to the retransmission strategy. The near-far effect is highlighted, since the total network performance and the spatial distribution of the attempted traffic interact. 
I. INTRODUCTION LOTTED ALOHA [l], [2] is a well-known multiple-
S access protocol in mobile networks. Mobile terminals transmit packets over a common radio channel to a central base station over a common radio channel in predefined time slots, but without any mutual control or centralized regulation except for positive acknowledgments of reception. If two or more terminals transmit simultaneously, a packet collision occurs; this mutual interference may result in loss of packets. Such packets are retransmitted after waiting a random number of time slots after the missing acknowledgment from the base station. In most cable networks, e.g. local area networks (LAN's), any collision may be assumed to destroy all packets involved. This limits the channel capacity of slotted ALOHA to 37%, and the network exhibits a tendency to instability [2] . Colliding packets from mobile terminals, on the other hand, arrive with different power levels. Since the strongest packet may be able to capture a discriminating receiver, enhanced capacity is obtained [3] - [ 101, [25] .
In the present paper, dynamic network behavior is investigated, using the classical ALOHA queueing model [ 121, [ 131 as extended in [ 111 to mobile channels (Section 11). We focus on the assessment of receiver capture probabilities, based on a general propagation model for mobile radio communications described in Section 111. In Section IV, a spatial weighing method is developed which takes Rayleigh fading, shadowing, and the near-far effect into account analytically. Section V compares the effects of the three mechanisms on Manuscript received December 12, 1989; revised May 30, 1990 . C. van der Plas was with the Telecommunications and Traffic-Control Systems Group, Delft University of 'Technology, Delft, the Netherlands. He is now with Intercai B.V., P.O. Box 4187, 3006 AD Rotterdam, the Netherlands.
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QUEUING MODEL
The slotted ALOHA network is assumed to comprise N identical, independently operating mobile terminals. The behavior of each terminal is described by a finite Markov chain with three states [11]-[13] ( Fig. l(a) ). In the origination state (0), a packet is generated (and transmitted in the next time slot) with probability p,,. In the transmission state ( T ) , the terminal is busy with either transmitting a new packet or retransmitting a previously collided packet. The mobile terminal returns to the 0 state if it receives a positive acknowledgment at the end of the time slot during which a packet is transmitted; otherwise it enters the retransmission or backlogged state ( R ) . From the latter state, retransmission (i.e., transition into the T state) occurs with probability p r . A backlogged terminal is blocked in the sense that no new messages arrive when the terminal is in state R .
The behavior of the entire slotted ALOHA network is also modeled by means of a finite Markov chain ( Fig. l(b) n is found from the probability to successfully transmit a packet in a time slot and is determined by averaging the probability of i ( i = j + k ) colliding packets, given a backlog of n terminals, i.e., N -n -k Stability depends on the expected drift d, in each state, defined as the difference between the expected input and the expected output traffic in that state, i.e.,
(2)
In a simulation to be described in Section VI, this drift is obtained directly as the average motion toward another (higher or lower) state, when the network is in state n. The network is expected to operate in a state near an equilibrium point, i.e., where the expected drift (2) crosses zero with negative derivative [ 1 13, [ 121.
The average total network throughput S is found by averaging (1) over the state probabilities n,, viz., (states per time slot) . 
In a well-functioning network in equilibrium, the channel throughput S must equal the newly generated traffic, so
with ns the average backlog, defined as the average network state 
PROPAGATION MODEL
The mobile radio channel can be characterized statistically by three independent, multiplicative, propagation mechanisms, namely multipath fading, shadowing and UHF groundwave propagation [ 161. The latter mechanism gives rise to the near-far effect and determines the area-mean power p a , i.e., the received power averaged over some area in order to eliminate the former two local mechanisms. The normalized area-mean power received from a mobile terminal at a distance r from the base station is taken to have the form p , = r -0 ,
with the empirical constant / 3 in the range of three to four. Shadowing is assumed superimposed on the near-far effect (7). This (slow) statistical fluctuation is described by a lognormal distribution of the local-mean power p l about the area-mean power p a , i.e., if the local-mean power is expressed in nepers, it has a normal distribution about the area mean, with a logarithmic standard deviation U,. Finally, multipath reception causes Rayleigh fading. Thus the instantaneous received power p s of a signal from a mobile terminal is exponentially distributed about the local-mean power, and has a faster fluctuation. Combining all three propagation mechanisms, the unconditional probability density function (pdf) of the instantaneous power p , of a received packet is [17]
Here, f(r) is the pdf of the propagation distance describing the spatial distribution of the offered packet traffic around the central receiver [4]. The received packet powers p , from two successive transmissions by the same terminal are assumed entirely uncorrelated because of Rayleigh fading and shadowing. 
IV. CAPTURE MODEL
If the interference power pn is due to incoherent accumulation of i -1 independently fading signals, the joint pdf is the (i -1)-fold convolution of the pdf of the individual signal powers. Laplace transformation results in the (i -1)th power of the characteristic function of the pdf of one single interferer, viz.,
Rayleigh fading of the test signal is included in (10) since this probability is conditional on the local mean power p l r received from the mobile transmitter. The Laplace image 4ps( v )
The integral transform (1 1) of the spatial distribution can be interpreted as a weighing of the vulnerability of the test packet to interference at distance r , i.e.,
where the vulnerability weight function W ( * ) (0
is defined by
For channels without shadowing (U + 0, and thus p1 = r-O),
is recovered, and the conditional probability of capture becomes
Here, r, is the distance between the base station and the terminal transmitting the test signal. Fig. 2 (-) and its approximation (--) [3], describing the vulnerability of a test packet to interference at normalized distance r . Shadowing is 0, 6 and 12 dB.
softer transition region described by the vulnerability weight function (13). A further comparison of the capture criteria in the models suggested in [ 11 and [4] is presented in [25] . In order to investigate the network in its entirety from the Markov chain model (1), capture probabilities unconditional on the location of the mobile transmitting the test packet are required. To this end, probability (10) or (12) must be averaged over the pdf due to the shadowing and near-far effects on the test signal. The capture probability, given that i -1 packets interfere, then becomes (15) Despite our assumption of a discrete number of N participating terminals in the queueing model, the packet traffic is taken to be continuously spread over the coverage area for the assessment of the capture probabilities [ll]: a uniform spatial density of the offered traffic in the range 0 < r < 1, and thus is inserted in (12) and (15). In the Appendix it is shown that in this event, the capture probability, conditional on the number of interferers i -1, is the threefold integral
The probability q i that one out of i packets captures the base 
since the probability that two or more packets capture the receiver simultaneously is zero. Results are illustrated in Fig.   3 for various propagation models, assuming a receiver threshold of z = 4 (6 dB). The nonzero limit for i + 00 is due to the unrealistic traffic assumed in the immediate vicinity of the base station ( r + 0).
V. NETWORK STABILITY
Inserting the probabilities (18) and (17) in (1) and (2) gives the expected dynamic behavior of the network. In Fig. 4 , the dynamic behavior of the mobile network is shown for various propagation models in terms of the expected drift (2). A population of N ( N = 100) terminals, spread with equal probability over the coverage area (16), and contending for a common receiver with a threshold of z = 4, is assumed. The probability of packet generation is po = 0.0055 and the probability of retransmission is p, = 0.08. If capture never occurs (qi = 0 for i > l), entire saturation ( rS = N = 100) leads to extraordinarily high delay ( D = 4.6 lo5 slots). For the traffic parameters studied here, network performance is not essentially improved by Rayleigh fading only, e.g. if adaptive power control is applied to compensate slow power variations: steady-state operation is found at a backlog of nearly rS = 100 terminals, leading to an average delay of D = 7000 slots. The curves c, d , e in Fig. 4 for Rayleigh fading combined with shadowing or near-far effects all show a single, almost identical equilibrium with low average delay on the order of 10-15 time slots. Even if the near-far effect is ignored, i.e., f(r) = 6 ( r -1) in curve c, the network is stable and terminals experience little backlog. Therefore, it may be concluded that for the reported traffic parameters, the stability of the network does not rely on terminals unrealistically close to the base station.
The drift at high backlog, especially d,, is mainly determined by the probability of capture in the event of many colliding terminals. Due to Rayleigh fading, the power level is usually relatively constant with occasional deep fades, whereas up-fades are rare. Hence, the probability that one out of many Rayleigh fading signals is sufficiently stronger than the joint interference is low as compared to other propagation mechanisms (see Fig. 3) . Consequently, the drift from full saturation d , , is almost zero in curve b. The log-normal distribution, due to shadowing, exhibits a higher probability of up-fades of the signal power, resulting in a negative drift of d , , = -0.1 away from the situation with all terminals in backlog. The spatial distribution (16), with finite traffic in the immediate vicinity of the receiver, has a fast recovery of about -0.4 backlogged terminals per time slot away from states with high backlog. In this event, -d , and S , roughly equal the capture probability q,, since q i is almost constant for large i. Onozato and Noguchi [14] . Recently, additional bifurcations sets were reported, mapping the stability of a slotted ALOHA network with capture where the users are divided into two groups [15] . A similar catastrophe theory for a full propagation model including Rayleigh fading, shadowing and the near-far effect, has not yet been developed. Our bifurcation set (--) was estimated by trial and error with the technique used to obtain drift curves as in Fig.  4 . The mobile network exhibits bistability at substantially higher packet traffic loads when receiver capture occurs, even for a receiver threshold of 10 dB ( z = 10). The region of bistability is relatively small: the transition through this area from a single (low-backlog) equilibrium into saturation occurs for relatively small increments of the packet generation probability p o . In contrast to this, since the bifurcation set of the mobile net is almost parallel to p,-axis, a change in the retransmission probability has less effect on the stability of the net. For a packet generation probability up to po = 0.002, even a persistent retransmission schedule ( p , = 1) leads to a stable network. Decreasing the generation probability po always has a positive effect on the network performance, since the drift toward lower backlog increases for all n. Simulations [24] indicated that reducing the probability of retransmission p, has a positive effect on the network performance in saturated networks (increasing throughput, decreasing backlog, and delay), but a negative effect in stable, (-) [14] and with imperfect capture (--) ( . . unsaturated networks (lower throughput, increasing backlog, and delay). In bistable nets, appropriate reduction of pr can remove bistability . Simulation runs, however, indicated that the newly attained stable network usually is in relatively high backlog. By reducing the probability of retransmission, the effective time each terminal spends in the origination mode also reduces, which indirectly resulted in a low input traffic load. This suggests that mobile channels might as well be managed by directly controlling the input traffic, for instance by limiting the number of terminals N that are allowed to be signed on simultaneously.
VI. NEAR-FAR EFFECT
As in many other studies (e.g.
[4], [ll]), until now terminals were assumed to be (quasi-) uniformly distributed over the coverage area. As an alternative, the log-normal spatial distribution very close to the central receiver, since all (linear) moments of the pdf of received power are undefined for the uniform spatial density (16), whereas the log-normal distribution (19) gives finite moments [22] . Still, (16) provides a logarithmic standard deviation of the received power, viz.
[21]
The true uniform distribution (16) should therefore be compared with a lognormal distribution with a, = 2 (8.68 dB), for / 3 = 4. The state probability T, and average drift d, are depicted in Fig. 6 for a receiver threshold of z = 10 (10 dB). For the selected traffic parameters ( p o = 0.0055, p , = 0.08),
the two spatial models studied give different assessments of the stability of the network with N = 100 terminals. While the assumption of a uniform (continuous) distribution of the offered traffic suggests a stable network with little backlog, the log-normal model predicts bistable performance.
Judging from the results of a simulation [24] which took into account the effect that most retransmissions originate with a: the spatial logarithmic variance, was suggested in [21] . This allows more realistic modeling of the packet traffic from the boundary of the service area, both the uniform and the log-normal distributions lead to optimistic estimates of the network performance. Initially the software simulation program randomly distributes N (N = 100) terminals over the area 0 < r < 1 and estimates the corresponding area-mean powers (7) for every terminal. All terminal states are modeled as a tristate variable. In the 0 state, the program performs a random experiment to simulate generation of a packet with probability p o . In the R state, permission for retransmission of a previously collided packet is granted with probability pr. In both cases, the terminal enters the T state where the transmission and propagation of a packet is simulated by the random generation of an instantaneous received power p,, according to an exponential distribution with mean (1). Shadowing is ignored in this experiment (i.e., U, = 0). By accounting for all the received interference packets, the program determines whether any of the colliding packets is strong enough to capture the receiver.
Due to the near-far effect, the average time a terminal is in the retransmission mode increases with distance. Since p o < p r , the traffic offered per unit of area increases with distance. This has a disadvantageous influence on the network performance: colliding signals are more often received from far away [3], [8], [9] and hence with almost equal (low) powers. Consequently, the probability q i that the power of one of the signals largely exceeds the joint interference is relatively low.
CONCLUSION
A weight function approach has been developed to investigate the combined influence of three types of mobile fading on capture probabilities in the mobile packet radio. It has been observed that inclusion of Rayleigh fading actually facilitates mathematical analysis, rather than complicating derivations. To obtain capture probabilities in the presence of simultaneous Rayleigh fading, shadowing and near-far effect, an integral solution using a numerical method (the Hermite polynomial method) is possible. Consequently, Monte Carlo simulation, as used e.g. in [ll] , or approximate methods matching only the first-and second-order moments of the pdf's [ 2 2 ] , [7] , [lo] , can be avoided. Results have been presented for a uniform spatial distribution of the packet traffic offered to the ALOHA channel, and the influence of alternative modeling of the near-far effect has been investigated.
Our calculations reveal that bistability of the mobile networks considered occurs only for a very limited range of transmission parameters. The transition from low-backlog to saturation, i.e., the transition through the area of bistability, is very abrupt. This suggests that, in contrast to the case for wired networks, protocol design should focus on continuously assuring sufficient throughput and acceptable delay, for instance of exercising (slow) centralized control over the (number of) terminals allowed to sign on. The effects of the various propagation mechanisms on network performance is clearly exhibited at high backlog. The probability that an individual signal is sufficiently strong to survive a collision with many contenders is very small in channels with Rayleigh fading only. This type of channels fails to recover rapidly from situations of high backlog. Shadowing enhances the drifi toward a lower backlog. The near-far effect gives nearby users a further increased probability to survive a collision. This effect was found particularly effective in retrieving the network from high backlog.
In mobile ALOHA networks, issues of (dynamically) resolving instability and collision resolution are presumably less critical compared with networks without capture. However, the near-far effect may not always be modelled by a (continuous) uniform spatial density of the traffic. This popular model fails in two respects.
1) It allows terminals to be infinitely close to the base station. For high traffic loads, stability may therefore rely upon terminals unrealistically close to the base station;
2 ) Another effect is the interaction between the attempted traffic and the system performance: almost all retransmissions are clustered in (distant) parts of the coverage area with poor propagation. Since these transmissions may arrive with almost equal (and low) power, mutual collisions usually result in the loss of all packets involved. Throughput and delay are thus less enhanced by capture than suggested by the theoretical investigations of (quasi-) uniform spatial distributions reported recently. Similarly, the assessment of stability areas in this paper may be further refined by investigating the drift at high backlog from a nonuniform and dynamically changing spatial distribution of the backlogged terminals.
A similar effect as in 2 ) is believed to occur in networks with stationary terminals, such as in narrow-band indoor wireless office communication. The main cause of fading, transmitter mobility, is not present for terminals at a fixed location. Transmitters accidentally placed near a multipath null generate the main part of all retransmissions. Simulation revealed that area-mean powers remaining fixed for each terminal due to virtually constant propagation distances degrades the performance for mobile networks. Presumably, constant shadow and multipath attenuation during retransmissions in fixed networks further degrades overall performance. A more detailed study of the network performance for stationary subscribers is recommended.
APPENDIX CAPTURE PROBABILITIES FOR SPECIAL CASES OF THE SPATIAL DISTRIBUTION

A . Uniform Spatial Distribution
For a uniform distribution of the offered traffic (16), the Laplace image (1 1) of the (unconditional) pdf of received power P, is exp { -y'} dy (26) which is to be inserted in (15). The integral over p l , is rewritten, using the substitution The probability of capture, conditional on the number of interferers i -1, is the three-dimensional integer with f ( x , y ) defined by 
with U' U,' + U : . In [lo], the steady-state throughput of a mobile ALOHA network with Rayleigh fading and shadowing was estimated from an approximation technique for assessing the log-normal distribution of the joint interference signal [22] . It has been verified that the exact formula (30) gives almost identical results. For the uniform and log-normal spatial distribution, numerical results for the capture probability (28)- (30) Since C , does not increase substantially with M , the remainder R , rapidly vanishes for increasing M . It appeared that, for M larger than say 10 or 20, the numerical results becomes almost independent of the number of samples M . More critical is the evaluation of the integral over rr in (28) and (29), since the number of samples near the limit rr = 0 may need to be increased for a large number of contending signals (large i ) . This is because the main contribution of the capture probability occurs for signals transmitted very close to the base station (small r,). It is our experience that in particular after substituting the distance of the test packet into any other integration variable, the accuracy of the numerical method should be examined carefully.
